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ABSTRACT
Biodegradable polymers are desirable for a variety of applications, such as in
packaging, agriculture, and medicine. Its biological degradation by microorganisms
accelerated the interest in biodegradable polymers during the last decades. Within this
group of innovative environmentally friendly biodegradable polymers, starch or
Amylpectin plays a predominant role, due to their potential biodegradability. This
research was attempted to characterize Amylopectin to obtain its physio-chemical
properties. In addition, characterizations were extended to include blends of
Amylopectin and biodegradable diluents. Blends of Amylopectin with biodegradable
diluents including Polycaprolactone, Poly(DL-lactide-co-glycolide), and Poly(3-
hydroxybutyric acid) were prepared. The physical properties and the thermodynamic
characteristics of these blends were investigated using the Inverse Gas Chromatography
(IGC) method. This was conducted over a range of temperatures until a complete set of
data was obtained. Nineteen solutes with different chemical natures were selected in this
study. Solutes, including a series of alkanes, acetates, alcohols, diethylamine, formic
acid, and water, were injected into Amylopectin and its blends chromatographic columns.
The retention times of solutes were measured for each solute. Slopes and heats of mixing
of solutes with pure Amylopectin and its blends were calculated. All columns except the
50-50 Amylopectin-Polycaprolactone column showed a minimum of two regions in the
retention diagram. These regions were identified as crystalline and amorphous regions.
A third region was identified above 200°C as the polymer started to decompose.
However, for 50-50 Amylopectin-Polycaprolactone column, a straight line was observed
in most solutes due to the lack of data at higher temperatures All columns except for
some solutes of 50-50 Amylopectin-Polycaprolactone column showed a glass transition
temperature (T
g)
that has a range from 90°C to 140°C. The T
g
is the first minimum
temperature in the curvature that can be identified. In addition, all columns except for
some solutes of 50-50 Amylopectin-Polycaprolactone column showed maxima of the
curvature. These maxima were identified as the melting point (Tm) of the polymers,
which ranged from 100°C to 170°C. By blending Amylopectin with other polymers, the
Tm was decreased or a depression phenomenon was formed and this is due to less
melting amorphous. The dispersive surface energy value of the 100% Amylopectin
column was 0.07 mJ/m
2
at 200°C. The dispersive surface energy values of the 75-25
Amylopectin-Polycaprolactone column were ranged from 18.59 mJ/m
2
at 170°C to 10.27
mJ/m2 at 260°C. In addition, the dispersive surface energy values of the 50-50
Amylopectin-Poly(DL-lactide-co-glycolide) column were ranged from 46.30 mJ/m2 at
160°C to 39.03 mJ/m
2
at 180°C, while, the dispersive surface energy values of the 50-50
Amylopectin-Poly(3-hydroxybutyric acid) column were ranged from 55.46 mJ/m
2
at
160°C to 1.31 mJ/m
2
at 200°C. Therefore, blending Amylopectin with other polymer will
increase its mechanical properties and thus, the surface energy.
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INTRODUCTION
Background.
At the beginning of the 21
st
century, six billion people lived on earth, and it is
anticipated that the population will surpass ten billion in the middle of this century
(Okada, 2002). Because of this explosive increase in population, we are confronting
several serious problems such as deficiencies in food, resources and energy, and global
environmental pollution. Sciences and technologies in the last century, have made
astonishing progress, particularly after World War II, and made our daily life more
comfortable and convenient (Josephson, 1993). As for polymeric materials, a variety of
synthetic polymers have been developed and used as synthetic fibers, plastics, and
synthetic rubbers in place of traditionally used natural fibers, woods, and natural rubbers
(Okada, 2002). Synthetic polymers are utilized in a wide variety of fields including
transportation, construction, packaging, electronic devices, medical appliances, etc.
Nowadays, about 150 million tons of plastics are produced annually all over the world,
and the production and consumption continue to increase (Okada, 2002). Most of these
plastics are of petroleum origin, and the increase in the production of plastics, as a
consequence, results in the increase of oil consumption.
In the 1970s, it became evident that the very technical advantages, which made
polymers so useful, were disadvantages when polymer-based products were discarded at
the end of their useful life and in particular when they appeared as litter in the
environment (Scott, 2000). Packaging is one industry that has been revolutionized by oil-
based polymers such as polyethylene, polypropylene, polystyrene, and polyvinyl
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chloride) (Amass et al., 1998). Despite the major advances in the synthesis,
manufacturing and processing of these materials, one of the major problems still confront
the industry is the use of non-renewable oil-based chemicals for the ultimate fate of the
waste materials (Nere and Jagtap, 2001). The effects of some items of plastics packaging
was found to be very damaging to wild-life and this led to calls from the green movement
to return to biologically based renewable polymers (Nayak, 1999).
The management of solid waste disposal, with regard to the decreasing
availability of landfills, the litter problem, and the pollution of marine environment, is
becoming very urgent in the industrialized countries. Hence, the need for solutions
extends very quickly to the developing countries (Bastioli, 1998). The fundamental solid
waste issues today comprise the areas of increasing municipal solid waste particularly
when non-biodegradable materials are present. In addition, municipal solid waste is
becoming increasingly difficult with the accumulations of thousands of tons of non-
biodegradable plastics in the landfills. Plastic waste is often especially newsworthy
because of reported wildlife deaths by entanglement and ingestion of discarded plastic
articles (Van Volkenburgh and White, 1993).
In the last 30 years, the United States of America (USA) has increased their
yearly output of trash from 176 billion pounds to over 360 billion pounds (Van
Volkenburgh and White, 1993). This is an average of nearly 1500 pounds of trash per
year for every man, woman, and child in the USA. The bill for handling this much
garbage is currently about 15 billion dollars per year. Consequently, a 73% majority of
this waste goes into landfills, 14% undergoes incineration, and 13% is recycled (Bastioli,
1998). Landfills, especially in urban areas, are therefore filling at an alarming rate. It is
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difficult to site new landfills because of stricter Environmental Protection Agency (EPA)
rules, the high cost to construct new, safe landfills, and the dislike of the general public
for a landfill situated nearby (Van Volkenburgh and White, 1993).
Over the last years, there have been a number of proposed solutions concerning
the best ways to deal with the solid-waste crisis. These generally fall into the categories
such as, source reduction, recycling, waste to energy incineration, landfilling, education,
composting, and degradable plastics (Van Volkenburgh and White, 1993).
Because plastics are a high profile item in garbage, there is apparently a public
perception that plastic is the major contributor to the landfill congestion problem. In
1991, domestic manufacturers produced over 50 billion pounds of plastics, yet plastics
represent about 20% by volume of the solid waste of an average city (Van Volkenburgh
and White, 1993). The essential idea is to minimize land filling by better using source
reduction, recycling, and incineration.
The plastic component is resistant to microbial attack and, hence, accumulates.
The plastic waste can neither add to the fertility of the soil nor improve its firmness in
landfill operations. Disposal of polymer waste is a serious problem, which can be solved
either by recycling, incineration, or land filling. Recycling is a part-time solution to a
long-term reduction process in plastic waste. However, incineration has the advantage
that the plastics have high calorific value, but incineration plants have to be modified for
efficient combustion of the polymers and regulation of the gas emissions to ensure that no
toxic gases are released into the atmosphere (Dempsy and Oppelt, 1993). The problems
associated with incineration are evolution of air pollutants such as NO2, SO2, NH3, etc
(Corbitt, 1990). And, landfilling is a way of disposal of plastic but it affects the
4
environment. The plastic waste material remains there for several years, causing
aesthetic problems; hence, there is need for search of polymers, which are completely
biodegradable (Bastioli, 1998).
The use of degradable plastics is, as yet, a minor factor in this overall strategy, but
development of biodegradable polymers has considerable implications for medical, food
and agricultural packaging. The main factors that are needed for development of
biodegradable polymers are as follows (Amass et al., 1998):
• Non-toxic materials with non-toxic degradation products that would not affect the
drainage water from landfill sites.
• Polymers with suitable mechanical properties for specific uses.
• Economic viability.
Current EPA mandates require layering and sealing of the typical landfill in such
a manner that very little air or moisture is present. This significantly retards
biodegradation. For most biodegradation additives or biodegradable plastics to degrade
at a rapid rate, it is necessary that air and moisture are present. In addition, the pro-
oxidant system requires certain levels of oxygen to function effectively. If there is
insufficient air and moisture present in the typical landfill to biodegrade common food
waste rapidly, one would generally not expect a given plastic biodegradation system to
degrade very effectively either (Swift, 1993).
While biodegradable materials are not expected to replace completely all of the
plastic currently used in these markets, it represents an exciting, huge business
opportunity to be seized. There are two major areas for small business involvement. The
first, obviously, is one to design and engineer fully biodegradable plastics that have the
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required functional requirements for marketing. The other very profitable and promising
area for existing and new small businesses is in the downstream processing of
biodegradable polymers currently being produced (Nayak, 1999). One of the easiest
options is to discard the use of plastics in packaging applications and think of using non-
plastic packaging materials, but it will not be a viable option as there would be a drastic
increase in terms of weight and volume; also the additional energy consumption would be
prohibitive (Nere and Jagtap, 2001). Hence, use of friendly polymer is becoming a need
for making clean environment. One of the most suited options is "Biodegradable
Polymers".
Biodegradable Polymers.
Biodegradable polymers are defined as, polymers which undergo chemical
degradation, caused by biochemical reaction, especially those catalyzed by enzymes
produced by microorganism under aerobic or anaerobic conditions (Nere and Jagtap,
2001). Since 1990, the prospective markets for the biodegradable polymers includes
wrappers for various consumer goods, such as medicines, agriculture, forestry, and
fishery products. The latest example was at the Sydney Olympics, about 40 million
articles made from biodegradable polymer used for packaging and food serving purposes
(Nere and Jagtap, 2001). In addition, biodegradable polymeric materials are targeted
toward single-use disposable short-life packaging materials.
Although the term "biodegradable polymers" is becoming more popular, it has
different meanings. The definitions are not always clear and they are open to a large
diversity of interpretations. On the one hand, in the biomedical area, "biodegradation"
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refers to hydrolyses and oxidations that are the primary polymer degradation processes.
On the other hand, for materials exposed to a natural environment, this term means
fragmentation, loss of mechanical properties or chemical modifications through the
action of microorganisms (Chandra and Rustgi, 1998).
Degradation can be defined as "a change in the chemical structure of a plastic
involving a deleterious change in properties." (Scott, 2000). The material is degraded
under environmental conditions such as, microorganisms, temperature, light, and water
and in a reasonable period of time in one or more steps. It has been suggested that the
degradation of plastics could be divided into "deterioration" and "decomposition".
Deterioration corresponds to physical and chemical degradation with a permanent change
in the physical and chemical properties, which results in a decrease in weight (Calmon-
Decriaud et al., 1998).
Biodegradation is a natural process by which organic chemicals in the
environment are converted to simpler compounds, mineralized and redistributed through
elemental cycles such as the carbon, nitrogen and sulfur cycles (Satyanarayana and
Chatterji, 1993). Thus, biodegradation can only occur within the biosphere as
microorganisms play a central role in the biodegradation process (Chandra and Rustgi,
1998). For most biodegradation, additives or biodegradable plastics to degrade at a rapid
rate, it is necessary that air and moisture are present. If there is insufficient air and
moisture present in the typical landfill to biodegrade common food waste rapidly, one
would generally not expect a given plastic biodegradation system to degrade very
effectively, either (Demirgoz et al., 2000). The applications of biodegradable polymers
have been the focus of three major areas: medical, agricultural, and consumer goods
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packaging. Some of these have resulted in commercial products. Because of their
specialized nature and greater unit value, medical device applications have developed
faster than the other two.
Amylpectin and Other Biodegradable Polymers.
Starch is one of the main natural materials that have been extensively investigated
for use as packaging material and it has the added advantage of being a renewable source
of polymeric material. The main sources for the commercial production of starch are
potatoes, wheat, corn and rice. Starch comprises two polymeric components, amylase
and amylopectin; they are built of a-D-glacopyranose residues but differ in both structure
and function (Suvorva et al., 2000). Amylopectin (Figure 1-1), constitutes the greater
part (70%) of the starch molecule. The molecular mass of amylopectin is approximately
10
5
kg/mol. (Suvorva et al., 2000). It is totally biodegradable in a wide variety of
environments and permits the development of totally degradable products for specific
market demands. Starch is a potentially useful polymer for thermoplastic biodegradable
materials because of its low cost, availability, and production from annually renewable
resources (Blanshard, 1987). Degradation or incineration of starch products recycles
atmospheric CO2 trapped by starch-producing plants and does not contribute to potential
global warming (Bastioli, 1998). Starch and its blends have attracted much attention as
an environmentally biodegradable polymer. Like polymer blends wide applications,
starch-based blends have potential to be used in the environmental and biomedical fields,
as they are easily obtained in a large quantity by an inexpensive route and totally
biodegradable (Demirgoz et al., 2000). Most of these applications require accurate
control of polymer water up-take ability, degradation rate and mechanical performance in
various media (Nere and Jagtap, 2001).





Recently, there has been increasing interest in developing starch-based polymers
and its blend to produce biodegradable plastics to be used in many applications. Starch is
a good candidate for such a development due to the fact that starch is abundant and is
mechanically weak because of its poor physical, mechanical, and low dimensional
stability (Nere and Jagtap, 2001).
The blending of biodegradable polymers is a method of both reducing the overall
cost of material and increasing the degradation rates. The rate of biodegradation is
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correlated with the type of morphology, crystallinity, surface area, and additives. The
main disadvantages of biodegradable polymers are their dominant hydrophilic character,
fast degradation rate, and in some cases unsatisfactory mechanical properties particularly
under wet conditions (Amass et al., 1998). Blending Amylpectin with other
biodegradable polymers may offer opportunities to modify the physical properties of
Amylopectin, improve the processability, reduce the water-uptake ability and possibly
enhance the mechanical properties.
Polycaprolactone (Figure 1-2), is sold under the trade name of Tone Polymer by
Union Carbide. Grades of Polycaprolactone have been commercially available since
1975 and are used in coatings (Jun, 2000). Polycaprolactone is obtained by the ring
opening polymerization of s -caprolactone (Amass et al., 1998). The low melting
temperature of Polycaprolactone is an advantage in accelerating degradation in
composting environments in which temperatures often reach 60°C. However, problems
may arise in applications in which elevated storage or use temperatures may be
experienced that could compromise mechanical integrity and thus performance (Jun,
2000). Blending starch with Polycaprolactone, a non-toxic polymer, may enhance the
mechanical properties of starch (Karlsson and Albertsson, 1998). It should be noted,
however, that Polycaprolactone degradation rate is slow due to its high crystallinity and
low melting temperature (Chandar and Rustgi, 1998).
Figure 1-2. Structure of Polycaprolactone (Nayak, 1999).
O
(CH2 ) 5 J__
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Poly(DL-lactide-c-glycolide) (Figure 1-3), is a polyester synthesized by the
condensation polymerization of lactides and glycolides and has molecular weight
averaging between 75,000 to 120,000 g/mol. Condensation polymerization of lactic acid
produces low molecular weight, which is then spliced together using coupling agents to
produce the higher molecular weights essential for good mechanical properties,
significantly more amorphous, and a lower melting point (Park et al., 2000). Poly(DL-
lactide-c-glycolide) is a biodegradable material and used for biomedical applications. In
recent years, environmental concerns have led to an escalated interest in Poly(DL-lactide-
c-glycolide), as well as other biodegradable polymers, as an alternative to traditional
commodity plastics (Arvanitoyannis, 1999). Poly(DL-lactide-c-glycolide) has the
advantage of being not only biodegradable but also renewable since the raw material,
lactic acid, may be produced by microbial fermentation of biomass. Also, it has low
glass transition temperature, and slow crystallization rate (Bastioli, 1998).




Poly(3-hydroxybutyric acid) (Figure 1-4), is produced commercially by Monsanto
and sold as Biopol. Poly(3-hydroxybutyric acid) has molecular weight of 437,000 g/mol.
Poly(3-hydroxybutyric acid) is representative of a useful range of potential biodegradable
polymers (Zhang et al., 1997). Poly(3-hydroxybutyric acid) can be degraded to water and
carbon dioxide under environmental conditions by a variety of bacteria, and has much
potential for applications of environmentally degradable plastics (Vasnev, 1997).
Figure 1-4. Structure of Poly(3-hydroxybutyric acid) (Sigma-Aldrich Co., 2003).
CH 2CHO \-
J ACH 3
Physical characteristics of packaging polymers are greatly influenced by the
chemical structure, molecular weight, crystallinity and processing conditions of the
polymers used. The physical characteristics required in packaging depend on what item
will be packaged as well as the environment in which the package will be stored. The
challenge in the development of biodegradable packaging will be to combine polymers
which are truly biodegradable into a laminate film or a film blend which has properties as
good as those found in synthetic laminates (Chandar and Rustgi, 1998).
Inverse Gas Chromatography.
Chromatography can separate complex mixtures with great precision. In fact,
chromatography can purify basically any soluble or volatile substance if the right
adsorbent material, carrier fluid, and operating conditions are employed (Gutierrez et al.,
1999). Gas Chromatography (GC) like any other chromatographic technique, is based on
the distribution of probe molecule between two phases. In gas solid chromatography, the
phases are gas and solid as the injected compound is carried by the gas phase through a
column filed with solid phase. Separation of two or more components injected
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simultaneously is due to their differing affinities for the stationary phase. In gas liquid
chromatography, the stationary phase is a liquid coated onto a solid support (Gutierrez et
al., 1999). The Inverse Gas chromatography (IGC) (Figure 1-2) is a gas phase technique
for characterizing surface and bulk properties of solid materials. It is the reverse of a
conventional GC experiment.








A cylindrical column is uniformly packed with the solid material of interest,
typically a powder, fiber or film. A pulse or constant concentration of gas is then injected
down the column at a fixed carrier gas flow rate. The time taken for pulse or
concentration front to elute down the column are measurements with different gas phase
probe molecules that allow access to a wide range of physicochemical properties of the
solid sample. The term inverse refers to the polymer that can be studied in the solid
phase as the stationary phase, either as a finely divided powder or coating, dispersed on a
suitable inert support and packed into a chromatographic column unlike the conventional
GC where the separation of solvents (solutes) is the prime interest (Gutierrez et al.,
1999). The most typical IGC applications are as follows:
13
• Natural and Artificial Fibers.
• Coatings and Thin-Films.
• Polymers, Composites and Fillers.
Recently, IGC has emerged as a promising method for polymers and polymer
blends characterization. It has shown that the IGC method can be useful in obtaining
thermodynamic data on polymeric systems even when the morphology is complex
(Amass et al., 1998). It can also be used to measure surface energies, glass transitions in
polymers, and degrees of crystalline in polymeric materials. The attraction of the IGC
method lies in its ability to generate a fast and accurate physiochemical data on polymeric
systems. It is a relatively rapid, convenient method and has the flexibility of selecting the
desired temperature ranges. IGC can also be applied over a wide range of temperatures.
Solutes may be changed more easily. The combination of these advantages makes it
possible to characterize, quickly and accurately, the interactions of polymer blends with a
wide variety of solutes over a wide range of temperatures and concentrations (Gutierrez
et al., 1999). For the characterization of polymers, the most informative IGC data is
obtained from the retention diagrams. The value of Vg is determined over a range of
temperatures and In Vg is plotted as a function of 1/T.
Objectives.
As mentioned earlier, the challenge in the development of biodegradable
packaging is to blend two biodegradable polymers into a laminate film or a film blend
which has properties as good as those found in synthetic laminates. This could
significantly contribute to the solution to the problem of solid waste management.
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To accomplish this goal, the physical properties of the blends need to be
investigated with certain precision. Such properties will provide information as to
whether the blends are compatible over a range of temperatures and composition. In this
research thesis, the objective was to study the characterization of selective biodegradable
polymers using the IGC method which are considered to be environmentally friendly
polymers. Starch or Amyolopectin is totally biodegradable in a wide variety of
environments and it is a potentially useful polymer for thermoplastic biodegradable
materials (Blanshard, 1987). IGC was used to obtain information on Amylopectin and its
blends such as, Polycaprolactone, Poly(DL-lactide-co-glycolide), and Poly(3-
hydroxybutyric acid).
A variety of chemically different solutes with different chemical natures were
used in this research thesis, including a series of alkanes, acetates, alcohols, diethylamine,
formic acid, and water. Vanishing amounts of these solutes were injected into the
chromatographic columns.
All chromatographic columns were measured using the IGC method, as
mentioned, with increasing the oven temperature until a complete set of data was
obtained. The retention time of solutes was measured on a completely automated data
handling system. This allowed for precise measurements of the retention times of the
solutes injected into the chromatographic columns.
The changes in the morphology of the blend systems will reveal the melting
temperature, the glass transition temperature, the degree of crystallinity, and the
amorphous nature of these blends. Thus, the thermodynamics were also established for
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the amorphous region. Slopes, and heats of mixing of the pure Amylopectin and its
blends were also calculated.
Since Amylopectin is a semi-crystalline polymer and the degree of crystallinity is
expected to change when it is blended with another biodegradable polymer, IGC is
considered to be a versatile technique by which the degree of crystallinity can be obtained
at each individual temperature (Holmes, 1988). In addition, surface energy, which is
considered to be one of the methods, reported for characterization of polymers was also
obtained from the IGC experiments for the Amylopectin and its blends. Therefore, by
finding and calculating the results obtained on the pure Amylopectin and Amylopectin
blends, the characterization of the physio-chemical properties of the pure Amylopectin
and Amylopectin blends could be drawn of each one.
MATERIALS AND METHODS
Amylpectin and its Blends.
In this research thesis, we utilized the chemicals and instrumentation available in
the Chemistry and Geology Department, College of Sciences, Columbus State
University. All Amylopectin, Polycaprolactone, Poly(DL-lactide-co-glycolide), and
Poly(3-hydroxybutyric acid) polymers were purchased from Sigma.
Columns Preparation.
Many techniques were used in this research thesis in order to prepare the subject
columns. Each sample was weighed carefully and dissolved in the appropriate solvent.
The polymer solution was used to coat the solid support using the pile method. The
loading of the polymer sample was calculated relative to the weight of the solid support
(% wt/wt). Chromosorb W (AW-DMCS treated, 60/80 mesh), was obtained from
Analabs. The chromatographic columns were prepared using five-feet-long, 1/4 inch ID
copper tubing, which were purchased from Lowe's hardware store, Columbus, GA.
Seven (7) chromatographic columns were prepared and used in this research thesis.
Preparation of these columns is described as follows:
100% Amylopectin Column:
• Dissolved 0.40 g from Amylopectin in 25 mL of hot water. Stirred it and left it
for overnight (between 12-24 hours).
• Placed 7.90 g of Chromosorb-W in a porcelain-evaporating dish. Then, added
drops, gently, of the dissolved solution in order to coat the solid support (so as not
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to touch the surface of the dish). Then, mixed the whole mixture together while
adding the drops of the dissolved solution.
• Dried the coated mixture in an oven at 80°C for 24 hours by covering it with
aluminum foil.
• Prepared 5 ft column of 0.25-inch ID copper tubing by washing it with methyl
alcohol and dried it in the oven at 80°C for 2 hours. Packed the coated solid
support in the copper tubing using silanized glass wool for plugging both ends.
So, the stationary phase studied.
100% Poly(DL-lactide-co-glycolide) Column:
• Dissolved 0.40 g from Poly(DL-lactide-co-glycolide) in 50 mL of Acetonitrile
(Methyl Cyanide, CH3CN). Stirred the solution and left it for overnight (between
12-24 hours).
• Placed 7.90 g of Chromosorb-W in a porcelain-evaporating dish. Then, added
drops, gently, of the dissolved solution in order to coat the solid support (so as not
to touch the surface of the dish). Then, mixed the whole mixture together while
adding the drops of the dissolved solution.
• Dried the mixture in an oven at 80°C for 24 hours by covering it with aluminum
foil.
• Prepared 5 ft column of 0.25-inch ID copper tubing by washing it with methyl
alcohol and dried it in the oven at 80°C for 2 hours. Packed the coated solid
support in the copper tubing using silanized glass wool for plugging both ends.
So, the stationary phase studied.
100% Poly(3-hydroxybutyric acid) Column:
• Dissolved 0.40 g from Poly(3-hydroxybutyric acid) and dissolved it in 100 mL of
a heated Chloroform (CHC1 3 ). Stirred it and left it for overnight (between 12-24
hours).
• Placed 7.90 g of Chromosorb-W in a porcelain-evaporating dish. Then, added
drops, gently, of the dissolved solution in order to coat the solid support (so as not
to touch the surface of the dish). Then, mixed the whole mixture together while
adding the drops of the dissolved solution.
• Dried the coated mixture in an oven at 80°C for 24 hours by covering it with
aluminum foil.
• Prepared 5 ft column of 0.25-inch ID copper tubing by washing it with methyl
alcohol and dried it in the oven at 80°C for 2 hours. Packed the coated solid
support in the copper tubing using silanized glass wool for plugging both ends.
So, the stationary phase studied.
50-50 Amylopectin-Polycaprolactone Column:
• Dissolved 0.20 g from Amylopectin and dissolve it in 25 mL of hot water. Then,
0.20 g from Polycaprolactone and dissolved it in it in 25 mL of hot water. Then,
mixed the two solutions together. Stirred it and left it for overnight (between 12-
24 hours).
• Placed 7.90 g of Chromosorb-W in a porcelain-evaporating dish. Then, added
drops, gently, of the dissolved solution in order to coat the solid support (so as not
to touch the surface of the dish). Then, mixed the whole mixture together while
adding the drops of the dissolved solution.
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• Dried the coated mixture in an oven at 80°C for 24 hours by covering it with
aluminum foil.
• Prepared 5 ft column of 0.25-inch ID copper tubing by washing it with methyl
alcohol and dried it in the oven at 80°C for 2 hours. Packed the coated solid
support in the copper tubing using silanized glass wool for plugging both ends.
So, the stationary phase studied.
75-25 Amylopectin-Polycaprolactone Column:
• Dissolved 0.30 g from Amylopectin and dissolved it in 25 mL of hot water. Then,
0. 10 g from Polycaprolactone and dissolved it in it in 25 mL of hot water. Then,
mixed the two solutions together. Stirred it and left it for overnight (between 12-
24 hours).
• Placed 7.90 g of Chromosorb-W in a porcelain-evaporating dish. Then, added
drops, gently, of the dissolved solution in order to coat the solid support (so as not
to touch the surface of the dish). Then, mixed the whole mixture together while
adding the drops of the dissolved solution.
• Dried the coated mixture in an oven at 80°C for 24 hours by covering it with
aluminum foil.
• Prepared 5 ft column of 0.25-inch ID copper tubing by washing it with methyl
alcohol and dried it in the oven at 80°C for 2 hours. Packed the coated solid
support in the copper tubing using silanized glass wool for plugging both ends.
So, the stationary phase studied.
50-50 Amylopectin-Poly(DL-lactide-co-glycolide) Column:
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• Dissolved 0.20 g from Amylopectin and dissolved it in 35 mL of water. Then,
0.20 g from Poly(DL-lactide-co-glycolide) and dissolved it in 50 mL of
Acetonitrile (Methyl Cyanide, CH3CN). Then, mixed the two solutions together.
Stirred it and left it for overnight (between 12-24 hours).
• Placed 7.90 g of Chromosorb-W in a porcelain-evaporating dish. Then, added
drops, gently, of the dissolved solution in order to coat the solid support (so as not
to touch the surface of the dish). Then, mixed the whole mixture together while
adding the drops of the dissolved solution, so as
• Dried the coated mixture in an oven at 80°C for 24 hours by covering it with
aluminum foil.
• Prepared 5 ft column of 0.25-inch ID copper tubing by washing it with methyl
alcohol and dried it in the oven at 80°C for 2 hours. Packed the coated solid
support in the copper tubing using silanized glass wool for plugging both ends.
So, the stationary phase studied.
50-50 Amylopectin-Poly(3-hydroxybutyric acid) Column:
• Dissolved 0.20 g from Amylopectin and 0.20 g from Poly(3-hydroxybutyric acid)
in 100 mL of Chloroform (CHCI3). Stirred it and left it for overnight (between
12-24 hours).
• Placed 7.90 g of Chromosorb-W in a porcelain-evaporating dish. Then, added
drops, gently, of the dissolved solution in order to coat the solid support (so as not
to touch the surface of the dish). Then, mixed the whole mixture together while
adding the drops of the dissolved solution.
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• Dried the coated mixture in an oven at 80°C for 24 hours by covering it with
aluminum foil.
• Prepared 5 ft column of 0.25-inch ID copper tubing by washing it with methyl
alcohol and dried it in the oven at 80°C for 2 hours. Packed the coated solid
support in the copper tubing using silanized glass wool for plugging both ends.
So, the stationary phase studied.
A total of nineteen (19) solutes with different chemical nature, chromatographic
grade, were purchased from Aldrich Chemical Co and Fisher Scientific Co in a pure
form. These includes, Pentane, Hexane, Heptane, Octane, Nonane, Decane, Undecane,
Dodecane, MethylAcetate, EthylAcetate, PropylAcetate, ButylAcetate, Methanol,
Ethanol, Propanol, Butanol, Diethylamine, Formic acid, and Water were injected into the
chromatographic columns.
Data Analysis.
The chromatographic measurements were performed using a modified
conventional Hewlett Packard 5730A GC equipped with a thermal conductivity detector.
The GC was modified to allow continuous monitoring of the carrier gas flow rate, the
inlet and outlet pressure, and the column temperature. To avoid change in the
morphology of Amylopectin and its blends, such as recrystallization, the GC was kept
operational at all times. During the course of the experiments, the oven temperature was
increased from 80°C to 200°C until a complete set of data was obtained. The flow rate
was monitored throughout this research thesis.
The retention time of solutes were measured on a completely automated data
handling system, Shimadzu, C-R3A, Chromatopac This was allowed for precise
measurements of the retention times of the solutes injected into the chromatographic
columns. The chromatographic signal was analyzed as a function of time and recorded in
a log sheet for further thermodynamic calculations.
All data was computed and presented as retention diagrams. Retention diagrams
of all solutes were analyzed to reveal the changes in the morphology of the systems.
Slopes were calculated only for the straight line of the graphs where the polymer is
completely amorphous. In addition, detailed calculations were carried out using the data
collected such as, specific retention volume (Vg) which is commonly used to describe the
elution behavior of solutes (Gutierrez et al., 1999), heat of mixing (AH), melting point





Nineteen (19) solutes were injected into seven (7) separate chromatographic
columns containing pure Amylpectin and Amylopectin and its blends. From
chromatographic retention times of solutes, the specific retention volumes (Vg ) of all
solutes were calculated as shown in Appendix A and are computed in table B-l to table
B-7, Appendix B. From Vg values, plots of In Vg versus 1/T are generated as retention
diagrams for all solutes. These plots are presented in figure C-l to figure C-73,
Appendix C.
For 100% Amylopectin column, retention diagrams are presented in figure C-l to
figure C-8. For 100% Poly(DL-lactide-co-glycolide) column, retention diagrams are
presented in figure C-9 to figure C-l 7. For 100% Poly(3-hydroxybutyric acid) column,
retention diagrams are presented in figure C-l 8 to figure C-27. For 50-50 Amylopectin-
Polycaprolactone column, retention diagrams are presented in figure C-28 to figure C-41.
For 75-25 Amylopectin-Polycaprolactone column, retention diagrams are presented in
figure C-42 to figure C-52. For 50-50 Amylopectin-Poly(DL-lactide-co-glycolide)
column, retention diagrams are presented in figure C-53 to figure C-62. For 50-50
Amylopectin-Poly(3-hydroxybutyric acid) column, retention diagrams are presented in
figure C-63 to figure C-73
.
Slopes were calculated only for the straight line of the retention diagrams where
the polymer is completely amorphous and are computed in table 3-1 to table 3-7. In
addition, heats of mixing (AH), melting point (Tm ), and glass transition temperature (Tg)
were calculated as shown in Appendix A and are computed in table 3-1 to table 3-7.
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The degree of crystallinity (x) of the polymers was calculated as shown in
Appendix A and are computed in table 3-1 to table 3-7. For 100% Poly(DL-lactide-co-
glycolide) column, Decane was selected to show the relationship of the crystallinity and
is presented in figure 3-1. For 100% Poly(3-hydroxybutyric acid) column, Decane was
selected to show the relationship of the crystallinity and is presented in figure 3-2. For
75-25 Amylopectin-Polycaprolactone column, PropylAcetate was selected to show the
relationship of the crystallinity and is presented in figure 3-3. For 50-50 Amylopectin-
Poly(DL-lactide-co-glycolide) column, Nonane was selected to show the relationship of
the crystallinity and is presented in figure 3-4. For 50-50 Amylopectin-Poly(3-
hydroxybutyric acid) column, Nonane was selected to show the relationship of the
crystallinity and is presented in figure 3-5.
Plots of RT In Vg versus the number of carbons in the alkane series were
generated for each temperature. A linear relationship was obtained in all of these plots
and the slopes of the straight lines were computed as the free energy of desorption of a
CH2 group, and used in the calculation of the surface energy (ys
d
). A complete theoretical
calculation of the dispersive component of the y s
d
of Amylopectin and its blends were
calculated as shown in Appendix A and computed in table 3-8.
For 100%o Amylopectin column, the surface energy diagram is presented in figure
3-6. For 100% Poly(DL-lactide-co-glycolide) column, the surface energy diagram is
presented in figure 3-7. For 100% Poly(3-hydroxybutyric acid) column, the surface
energy diagrams are presented in figure 3-8 to figure 3-12. For 75-25 Amylopectin-
Polycaprolactone column, the surface energy diagrams are presented in figure 3-13 to
figure 3-22. For 50-50 Amylopectin-Poly(DL-lactide-co-glycolide) column, the surface
25
energy diagrams are presented in figure 3-23 to figure 3-25. For 50-50 Amylopectin-
Poly(3-hydroxybutyric acid) column, the surface energy diagrams are presented in figure
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A series of three (3) families of nineteen (19) solutes were selected with an
increasing number of carbons in the solutes backbone. Thus, alkanes will reveal the
effect of the dispersive forces on the solubility of alkanes with Amylopectin and its
blends and on the dispersive surface energy of all columns. Acetates and alcohols will
reveal the effect of dipole-dipole and H-bonding of solutes with the polymers backbone.
Their interaction with the stationary phase will reveal the effect of the chemical nature of
the injected solutes on their miscibility with the columns. In addition, Diethylamine and
Formic acid will reveal the acid-base characteristics of the columns (Swift, 1993)
Several solutes did not show retention times due to either volatility or high boiling points
of these solutes. Retention volumes of these solutes were recorded as Not Detectable
(N/D) values. Some solutes behaviors are non-ideal, particularly for volatile solutes,
such as Pentane, Hexane, and Methanol. At lower temperatures, high boiling solutes
would not record retention times, such as Undecane, and Dodecane. In addition, at
higher temperature, the low boiling solutes behave non-ideal. Therefore, their retention
volumes were recorded as N/D.
To ensure that the thermodynamics are valid in these ranges of temperature, a
linear relationship of In Vg versus 1/T plots are an indication of the establishment of
equilibrium between the mobile gaseous phase and the stationary phase (Ratajska and
Boryniec, 1998). However, this was not the case for all columns used. Curvatures in
phase diagram were observed indicating the change in the morphology of the polymers
used as a function of temperature. As temperature increases the morphology of the
66
polymer changed. The equilibrium between the mobile and stationary phase is usually
established which allows for the calculations of the thermodynamic parameters. The
determination is based on the assumption that the solute molecules interact only with the
amorphous polymer (Arvanitoyannis, 1999). In some cases, the change of both Tg and
Tm were very close. Thus, several N/D values were recorded for different solutes for
both glass transition temperature (Tg) and melting point (Tm ). This is related to the slow
action of the thermal change. Both Tg and Tm will shift in positions when a blend is used.
This is a phenomenon called melting point depression (Ratajska and Boryniec, 1998). In
addition, several Not Applicable (N/A) values were recorded for both degree of
crystallinity (x) and surface energy (ys
d
). This was due to, not enough data to generate
and conduct calculations.
For 100% Amylopectin column, figure C-l to figure C-8, a minimum of two
regions were identified in the retention diagram, crystallinity and amorphous. The
amorphous region is when the column is completely at melt. A third region was
identified above 200°C as the polymer started to decompose. The first minimum in the
curvature was identified as the glass transition temperature (T
g)
of 120°C. The maximum
of the curvature was identified as the melting point (Tm) of 160°C. Following the melting
point, a straight line can be observed due to the establishment of the equilibrium between
the solute and the polymer and is an indication that the polymer is amorphous. All
thermodynamic parameters were calculated using this zone. It is of interest to mention
that among alcohols, Methanol neither showed a clear melting point nor a glass transition
temperature, this was due to the high volatility of the solute and the non-ideal behavior of
Methanol.
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For 100% Poly(DL-lactide-co-glycolide) column, figure C-9 to figure C-17, a
minimum of two regions were identified, crystallinity and amorphous. A third region
was identified above 170°C as the polymer started to decompose. The Tg was 1 10°C and
the Tnl was 130°C. It is of interest to mention that, Water neither showed a melting point
nor a glass transition temperature. In addition, the degree of crystallinity was calculated
for both Decane and Undecane. This is accomplished by extrapolating the linear portion
(amorphous) of the retention diagrams to the crystalline region, two retention volumes
were measured, Vg i is the retention volume of the solute in the amorphous region and Vg2
is the retention volume of the solute in the crystalline region. The degree of crystallinity
for Decane, figure 3-1, was ranged from 99.84% at 80°C to 98.09% at 100°C.
For 100% Poly(3-hydroxybutyric acid) column, figure C-18 to figure C-27, a
minimum of two regions were identified, crystallinity and amorphous. A third region
was identified above 200°C as the polymer started to decompose. The T
g
was 130°C and
the Tm was 140°C. It is of interest to mention that, Dodecane, MethylAcetate, and
ButylAcetate neither showed a clear melting point nor a glass transition temperature. In
addition, the degree of crystallinity was calculated for Heptane, Octane, Nonane, Decane,
Undecane, EthylAcetate, and PropylAcetate. The degree of crystallinity for Decane,
figure 3-2, was ranged from 72. 19% at 80°C to 47.28% at 120°C.
For 50-50 Amylopectin-Polycaprolactone column, figure C-28 to figure C-41, a
straight line was observed in most of the figures and this was due to the lack of data at
higher temperatures, which was above 160°C. However, Heptane, Octane, Methanol and
Diethylamine showed that the T
g
was ranged from 90°C to 100°C and the Tm was ranged
from 100°Cto 110°C.
For 75-25 Amylopectin-Polycaprolactone column, figure C-42 to figure C-52, a
minimum of two regions were identified, crystallinity and amorphous. A third region
was identified above 260°C as the polymer started to decompose. The Tg was ranged
from 120°C to 130°C. The Tm was ranged from 160°C of 170°C. It is of interest to
mention that, Decane, Undecane, Dodecane, and ButylAcetate did not show a clear glass
transition temperature. In addition, the degree of crystallinity was calculated for
Heptane, and PropylAcetate. The degree of crystallinity for PropylAcetate, figure 3-3,
was ranged from 80.60% at 80°C to 76.77% at 120°C.
For 50-50 Amylopectin-Poly(DL-lactide-co-glycolide) column, figure C-53 to
figure C-62, a minimum of two regions were identified, crystallinity and amorphous. A
third region was identified above 180°C as the polymer started to decompose. The Tg
was 140°C and the Tm was I50°C. It is of interest to mention that, Heptane, Undecane,
Dodecane, EthylAcetate, and ButylAcetate neither showed a clear melting point nor a
glass transition temperature. In addition, the degree of crystallinity was calculated for
Octane, Nonane, and Decane. The degree of crystallinity for Nonane, figure 3-4, was
ranged from 91 . 1 1% at 90°C to 75.78% at 130°C.
For 50-50 Amylopectin-Poly(3-hydroxybutyric acid) column, figure C-63 to
figure C-73, a minimum of two regions were identified, crystallinity and amorphous. A
third region was identified above 200°C as the polymer started to decompose. The Tg
was 120°C and the Tm was 130°C. It is of interest to mention that, Undecane, Dodecane,
and EthylAcetate neither showed a clear melting point nor a glass transition temperature.
In addition, the degree of crystallinity was calculated for Heptane, Octane, Nonane,
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Decane, MethylAcetate, ButylAcetate, and Butanol The degree of crystallinity for
Nonane, figure 3-5, was ranged from 84.74% at 90°C to 79. 17% at 1 10°C.
Therefore, all columns except for some solutes of 50-50 Amylopectin-
Polycaprolactone column showed maxima of the curvature. These maxima were
identified as the Tm of the polymers which ranged from 100°C to 170°C. Therefore, by
blending Amylopectin with other polymers, the Tm was decreased or a depression
phenomenon was formed and this was due to blending to form a mixture of polymer
(Ratajska and Boryniec, 1998). In addition, the degrees of crystallinity were high for all
Amylopectin blends at low temperatures. The degree of crystallinity part is much higher
than the amorphous (Holmes, 1988). As temperature goes up, the degree of crystallinity
decreases and the amorphous part will increase. Therefore, by increasing the
temperature, the crystalline part started to melt, then, the degree of crystallinity decreased
until reached constant values.
The surface energy (ys
d
), describes interactions due to dispersive forces or the
combination of dispersive forces on the solubility of alkanes with Amylopectin and its
blends (Swift, 1993). Table 3-8, showed the dispersive surface energy of all
Amylopectin and its blends as a function of temperature. It is clear that, the ys
d
values
were showed different trend with different mixtures of polymers. In general, the ys
d
for
Poly(3-hydroxybutyric acid), 75-25 Amylopectin-Polycaprolactone, 50-50 Amylopectin-
Poly(DL-lactide-co-glycolide), and 50-50 Amylopectin-Poly(3-hydroxybutyric acid)
decreased as the temperature increased. Thus, the surface of the polymer was expanded




Comparing data values at 180°C, 50-50 Amylopectin-Poly(DL-lactide-co-
glycolide) surface energy value showed higher than both 75-25 Amylopectin-
Polycaprolactone and 50-50 Amylopectin-Poly(3-hydroxybutyric acid) surface energy
values. In addition, comparing data values at 200°C, 100% Amylopectin surface energy
value showed less than both 75-25 Amylopectin-Polycaprolactone and 50-50
Amylopectin-Poly(3-hydroxybutyric acid) surface energy values. Therefore, blending
Amylopectin with other polymer will increase its mechanical properties and thus, the
surface energy. This will slow the biodegradation process, however, it will be less than
the regular plastic.
Biodegradable polymers, in general, may never replace the major commodity
plastics, but they will offer a viable waste-management option for polymers that are not
readily or economically recoverable for recycling and incineration (Chandra and Rustgi,
1998). In essence, this implies that both biodegradable water-soluble polymers and
plastics will continue as major targets for research and development efforts in the
polymer industry and academia. Success will be measured by balancing properties and
biodegradability to meet all demands.
The properties of starch-based polymeric materials including their
biodegradability depend on the compatibility of the mixture components and the structure
of the system thus prepared. It is these properties of starch mixtures with synthetic
polymers that must be the subject of comprehensive analysis in order to establish the
general regularities with the ultimate goal to select the components and technologies for
the preparation of polymeric materials which are stable in various media and are
biodegradable (Blanshard, 1987).
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Totally biodegradable polymers have proved to be inferior to non-degradable
packaging materials in terms of both functional and cost effectiveness (Nayak, 1999).
Their major disadvantage is inadequate mechanical strength. The widening of the range
of biodegradable polymeric materials is very important for further and future studies.
Therefore, it is hoped that the results described in this research thesis will be useful for
further studies based on the use of this environmentally important scientific approach.
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APPENDIX A - Thermodynamic Calculations
Calculation of Specific Retention Volume (Vg):










At = t Avg. - t Air
t Avg. =tl +X2I2
tl & t2 are the retention time recorded for each solute.
t Air = the lowest t Avg.
F = Flow Rate
W = Weight of the polymer in g.
273.15 = Temperature at ° C in K.
298.15 = Temperature at 25 ° C in K.
Pi = Inlet Pressure which is 76 + P in Cm. Hg.
P = Outlet Pressure which is 76 Cm. Hg.
Calculation of heat of mixing (AH):
AH = Slope x 8.3 14 1000
Where
Slope is calculated from the straight line in the graph.
Calculation of melting point (Tm ):
Tm is the melting point in the graph in °C, which is the maximum of the curvature
that can be identified.
Calculation of glass transition temperature (T
g):
Tg is the glass transition temperature in the graph in °C, which is the first
minimum in the curvature that can be identified.






= Specific Retention Volume of the solute in the amorphous region.
Vg2 = Specific Retention Volume of the solute in the crystalline region.
TEMP, is the temperature that intersect in X-axis with the value of x in the graph in °C.
Calculation of Surface Energy (ys ):
Ts
d
= [1 /(4)(ycm)] [AGa(CH2) / (N)(acm)f
Where
Ych2 = 36.80- 0.058 T
T is the temperature in °C
AGa is the slope calculated from the straight line in the graph.
N is the Avogadro's number = 6.0221367 x 102' things/mol.




APPENDIX B - Specific Retention Volumes Tables
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APPENDIX C - Retention Diagram Figures
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